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ABSTRACT 

I. MICROWAVE GSCIU4TORS AND AMPLIFIERS BASED ON THE G U "  EFFECT 

A. Experiments on High Efficiency Gunn Osc i l l a to r s  

The rf e f f i c i ency  of a Gunn diode placed i n  s e r i e s  with a load 

r e s i s t ance  shunted by a shorted transmission l i n e ,  one quar te r  wave- 

length long a t  h a l f  t he  domain t r a n s i t  frequency, i s  inves t iga ted  

experimentally. This simple configuration i s  shown t o  be capable, f o r  

t h e  diodes used here, of 16.5 t h e o r e t i c a l  e f f i c i ency  (33$ with i d e a l  

d iodes) .  

a r e  reported.  

Experimentally measured e f f i c i e n c i e s  of 15% a t  around 100 MHz 

B.  Measurement of t h e  Space Charge Growth Rate i n  High R e s i s t i v i t y  

Gallium Arsenide 

A poss ib le  two por t  u n i l a t e r a l  microwave ampl i f ie r  using t h e  t rans-  

f e r r ed  e lec t ron  e f f e c t  i n  high r e s i s t i v i t y  ( p  - 1000 R-cm) GaAs i s  b r i e f l y  

described. I n i t i a l  measurements on t h e  s t a t i c  and rf voltage d i s t r i b u -  

t i o n s  along specimens having t h e  appropriate geometry and made from s u i t -  

ab le  high r e s i s t i v i t y  mater ia l  a r e  reported.  

TT . ELECTROACOUSTIC AMPLIFIERS 

The work on CdS samples as  ampl i f ie rs  has been continued. The ampli- 

f i c a t i o n  proper t ies  of GaAs has been s tudied  i n  t h e  frequency range from 

1000 t o  2000 Me. The e f f e c t s  of trapping a r e  c l e a r l y  ev ident .  

111. CONTINUOUS DEFLECTION OF LASER BEAMS 

An o p t i c a l  beam has been continuously def lec ted  through an angle of 

by tuning an acous t ic  wave i n  a b i r e f r ingen t  c r y s t a l  of sapphire from 0 4 
1.28 t o  1.83 Gc. 

t h e  def lec ted  l i g h t  as compared t o  t h e  incident l i g h t .  The system should 

be capable of de f l ec t ing  an o p t i c a l  beam through 1000 spot diameters. 

The method i s  based on t h e  change i n  po la r i za t ion  of 



INTRODUCTIOI!i 

The work under this Grant is generally concerned with communication 

and information processing in space satellites and more particularly 

concerned with exploring new devices, particularly solid-state and opti- 
cal devices, suitable for generation and modulation of electromagnetic 

waves in the microwave range and upward through the millimeter and 
optical frequency ranges. At present, the projects under this Grant are 

grouped into three general categories: 
1. The use of semiconductors to produce oscillators and amplifiers 

at microwave frequencies in devices related to the Gunn effect. 
2 The investigation of acoustic amplification at microwave fre- 

quencies by the interaction of acoustic waves with drifting 

carriers in piezoelectric semiconductors. 
3. Parametric optical acoustic interactions, in which Bragg dif- 

fraction by acoustic waves is used to produce accurate, high 
speed deflection of a laser beam. 

In the following sections we will briefly review the status of the 

projects in these three areas. 
During this period one paper, prepared under the sponsorship of 

this Grant, was written and published: 

E.G.H. Lean, C.F. Quate, and H.J. Shaw, “Continuous Deflection 

of Laser Beams, ’I Appl. Phys a Letters 10, 48-51 (15 January 1967) 
This paper is reproduced here in part 111. 
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PFELSENT STATUS 

I. MICROWAVE OSCILLATORS AND AMPLIFIERS 

BASFJ) ON TKF: G U "  EFFECT 

A EXPERIMENTS ON HIGH EFFICIENCY G"!J OSCILLATCRS 

The aim of these  experiments is t o  determine the opthum condit,ions 

f o r  high efficiency operation of a Gwiri o s c i l l a t o r o  

developed which should be accurate f o r  low frequencv operat ion, p r e d i c t s  

e f f i c i e n c i e s  as grea t  a s  33$. 
i dea l i zed  current-voltage c h a r a c t e r i s t i c  f o r  t he  device, which for  

p r a c t i c a l  purposes coincides with t h a t  measured and reported e a r l i e r  

under the  present con t r ac t .  We der ive  i d e a l  voltage waveforms f o r  e f f i -  

c i e n t  operations, and determine t h e  r e q d r e d  c i r c u i t  to prodzce these  

voltage waveforms. 

a r e  examining experimentally, i s  a square wave cf  r f  c i r c u i t  voitage which 

produces a sqmre wave of rf cu r ren t .  

sistor with a shorted transmission l i n e  placed across  i t ,  t h e  l i r , e  being 

a quar;er wavelengxh long a t  the fundamental frequency of operat icn 

t h i s  c i r c u i t  the maxhun e f f i c i ency  intc, a l l  Iiarmonics i s  33%, w i L %  approxi- 

mately 2% i n to  the  fundamental. 

Gunn o s c i l l a t o r  operation i n  which t h e  pred ic t ions  a r e  substant f a t ed  >iery 

c lose ly  i n  prac t ice ,  and thus demonstrates a f a i r l y  complete understanding 

of the  operation of these  devices i n  a c i r c u i t .  

The theory  we have 

This Theory i s  based or, the use of ar! 

One of t he  simples: waveforms, which i s  t h e  f i r s t  we 

The c i r c u i t  required i s  a load r e -  

With 

This wcrk repr.eser.i s The first theory of 

I n  these  experiments a Gunn diode i s  placed i n  s e r i e s  with a c i r c u i t  

which cons i s t s  of a load r e s i s t ance  shunted ty a qidarter wavelength t r a n s -  

mission l i n e  resonant a t  t h e  frequency of interesr;  (a frequency t y p i c a l l y  

very near t o  half  the  t r a n s i t  time frequency of the d iode) .  

provide a squaye wave voltage and cur ren t  output.  Tke func t ion  of t h e  

qua r t e r  wave transmission l i n e  i s  merely t o  provide a dc shorr;. Thus, 

e f f e c t i v e l y  a t  t h e  fundamental and a l l  odd harmonics, it appears as i f  

t he re  i s  a load r e s i s t ance  % i n  s e r i e s  with t h e  diode. In t h i s  case, 

i f  we take t h e  I - T T  c h a r a c t e r i s t i c  t o  have t h e  simple form shown i n  Fig.  1, 

t h e  maxirrllm current through t h e  diode i s  the  threshoid  cur ren t  IT and 

t h e  mirJ-miim current, t k e  so-called "valley currefit" T = I 7h.e ampli- v T *  
tude of' the  square wave of currentthrough t h e  diode i s  Therefore (IT-Iv)/2 

This should 

t h e  voltage across the diode t o  be 
VT 

- 2 -  

the  t.?Jreshcld vol tage ,  when t h e  
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FIG. 1--Current-voltage cha rac t e r i s t i c s  of t he  Gunn diode. I n  an. 
i d e a l  diode a ratio IT/Iv is  equal t o  0 . 5 .  

FIG. 2--A schematic diagram of the  experimental c i r c u i t  used. 
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(tize threshold current  i s  

simple consfderat ions tha t  t he  
'ir 

vo = v, 1. + RL(IT-IY>;)/2 0 W i t 5  

by Kino t h a t  the e f f ic iency  of 

output, powex is 

currelylt) thex: we may determiire from these 

average voltage appl ied to t,he diode i s  

?.Lese considerat ions it h a s  keen shown 

conversion of t h e  de power to square wave 

i (i .- 1 - a  
II' i + a  

where a = and @ = Vo/VT . The r e l a t ionsh ip  between the  load 

RL , and the  low f i e l d  r e s i s t ance  RT = V /I T T  Pesis tance,  i n  t h i s  case 

of the diode i s :  

The maximum eff ic iency a t  the  fundamental frequericy 1 s  therefore  

8 8 1 - a  

With good diodes a value of a = Go> :s  ob.airab:e, so f h a i  with @ -+w 

t he  maximun efficiency should be 3376 with a p o s s i b i l i t y  of 26% e f f i c i ency  

i n  t he  fuKdamental. 

With s imilar  cocsideratior?, more complicated c i r c u i t s  can be clesigned 

wnich y i e ld  a waveform t h a t  produces a vol tage w i t t  a waveform l i k e  ha l f  

wave r e c t i f i e d  ac .  Tnis c i r c u i t  can t h e o r e t i c a l l y  give an e f f ic iency  of 
1 - a  

(1 - L, i n  the  fundamental. - .~ 
B 

- 
71 l i - a  

T%e maximun de vol tage t h a t  can be used with any c i r c u i t  i s  l imi ted  

by avalanching i n  the  dipole  domain. Tiypically f r c n  our experiments car -  

r i e d  out on another contract  [AF 33(632)-3593] ii would appear t h a t  t h i s  

avalanching voltage i s  of the  o rde r  of 300 - 4CG IY i n  4 o'rim/cm mater ia l s  

and i s  approxfmateiy proport ional  to l i r l  where I; i s  the  donor dens i ty .  

Tkius f o r  a sample 8 m i l s  long with a threshold of approximately VT = 60 V 
and an avalanche vol tage of 240 IT9 t he  maximum square wave amplitude w i l l  

be 1/2(243 - 60) = 90 V 

'max 

and the  max5mum usable value of P max would be 

= 15O/6O = 2 0 5  This would require  i?,/P,T = 6 I and would give 

an e f f i c i ency  7 = 20 percent,  - 16 percent max 7 Lnax -. 



_ .  . . .  

A simple c i r c u i t  t o  achieve t h i s  type of operation nas been made 

experimentally u i n g  a GR mixer as a diode mount. The voltage waveform 

across  the  device was measured d i r e c t l y  by using t h e  high impedance probes 

of a Hewlett Packard sampling oscil loscope placed across  t h e  diode i t s e l f .  

A va r i ab le  length of shorted coaxial  l i n e  w a s  used f o r  t h e  resonator  c i r -  

c u i t ,  arid a r e s i s t ance  i n  one s ide  of t he  T placed in  s e r i e s  with a 

50 ohm a t tenuator  w a s  used as the load.  The vol tage across  t h i s  load and 

hence t h e  current  through it could a l s o  be measured onasampling o s c i l -  

loscope. A schematic diagram o f  t h i s  c i r c u i t  i s  skLown i n  Fig.  2. The 

diodes used so fa r  a r e  approximately 8 - 9 m i l s  t h i c k  and have cross  

sec t ions  20  x 20 m i l s .  The low f i e l d  r e s i s t ance  of these  diodes was 

between 1-5 - 40 ohms, giving the i d e a l  

were made t o  them by evaporation of GeAs a l l o y  afid successive a l loy ing  a t  

500°C i n  hydrogen* 

a de c i r c u i t  before  operat ion in  the  resonant system. 

RL t o  be 90 - 240 ohms. Contacts 

The parameters of these  diodes were then measured ir, 

The most important parameter f o r  opt~num e f f i c E n c y  i s  cx = 1\JIT 
I n  long diodes we could f a i r l y  e a s i l y  obta in  a value of a = 0 - 5  . 
However, i n  t h e  shor+,er diodes w e  could only r a r e l y  do t h i s ,  t h e  best 

value obtainable being a = 0.52 * The t y p i c a l  current  waveform of such 

a diode placed i n  a r e s i s t i v e  c i r c u i t  i s  shown in Fig.  3 .  In  F ig ,  4 an 

example of t he  type of t h e  square wave voltage waveform obtained across  

t h e  load, using the  same diode i n  t h e  resonant c i r c u i t  described, i s  

shown. I n  t h i s  case the  load impedance w a s  300 ohm” The output power of 

t h e  square wave was 9,8 W and dc input 65 W y ie ld ing  an e f f i c i ency  of 

7 = 15.1 percent . This i s  a lower e f f i c i ency  than would be expected 

from the  ca lcu la t ion  given above because of  t h e  incor rec t  value of load 

r e s i s t ance  used. With th i s  load r e s i s t ance  a vol tage g rea t e r  than ava- 

lanching would be required for  optimum ef f ic iency .  I n  t h i s  case the maxi- 

mum cur ren t  obtained i n  t h e  c i r c u i t  

r e n t  

across  the  load i s  less  than predicted theore-cicaily by the  simple formulae 

given. We may def ine  parameters a’ = I /I and B ’  : Vo/VM . I n  these  

terms t h e  e f f i c i ency  i s  

IM i s  lower than t h e  threshold  cur-  

IT so  t h a t  t he  amplitude of the  square wave current  and vol tage 

V M  



. .  

FIG. 3--A current waveform of the  t y p i c a l  Gunn diode i n  the  r e s i s t i v e  
c i r c u i t  

V e r t i c a l  scale:  200 mA/div 
Horizontal sca le  : 5 nsec/div.  

FIG. 4--An example of the  square wave vol tage waveform across the  road 
impedance i n  t h e  resonant c i r c u i t .  

V e r t i c a l  sca le :  100 mA/div 
Horizontal s ca l e  : 5 nsec/div.  

- 6 -  
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with a load res i s tance  % given by the  r e l a t i o n  

From t h e  re la t ionship  

it follows t h a t  

IM IT 

B 
@ '  = a a B  

and 

, 

(7) 

providing %/S, i s  such tha t  (2' > (x . For t h e  diode measured the  

low f i e l d  res i s tance  was 30 ohms, yielding a value of (2' = 0.6 and 

a t h e o r e t i c a l  e f f i c i ency  of 16.7 percent, which i s  i n  reasonable agree- 

ment with the  experimentally measured parameters. 

We need e i t h e r  t o  use a shor te r  diode t o  obtain b e t t e r  e f f ic iency ,  

, or  t o  use t h e  r i g h t  load so as t o  increase the  e f fec t ive  value of B 
resis tance,  which a s  ye t  we have not been ab le  t o  do. 

Another d i f f i c u l t y  which occurs with some diodes and which i s  

experimentally very important i s  t h a t  i f  t he  contacts  a r e  not per fec t ,  

not only i s  the  value of c11 affected,  but a l s o  the  threshold vol tage 

i s  not wel l  defined. Consequently the  f u l l  vol tage swing and current  

swing t h a t  i s  t h e o r e t i c a l l y  obtainable cannot always be obtained. We 

a re  working t o  improve our diodes and t o  obtain e f f i c i enc ie s  g rea t e r  

than 20 percent with t h i s  and o ther  c i r c u i t s .  So f a r  the  maximum rf 

conversion e f f ic iency  t n a t  we 'nave obtained i s  17.7 percent .  

- 7 -  



. .  . . .  B . '  MEAS'URFMENT OF THE SPACE CHARGE GROWTH RATE I N  HIGH RESISTIVITY 

GALLIUM ARSENIDE 
i, Introduct ion 

It is  t h e  aim of t h i s  pro jec t  t o  examine poss ib le  t h r e e  te rmina l  and 

four  t e r n i n a l  Gunn devices which could be used as  broadband t r a v e l i n g  wave 

ampl i f ie rs .  The present work i s  concerned with using high r e s i s t i v i t y  

ma te r i a l  i n  which growing space charge waves can propagate without t h e  

presence of s e l f - o s c i l l a t i o n s .  

have been measured, as described below; the  r e s u l t s  obtained appear t o  be 

i n  exce l len t  agreement with t h e  theory.  We have begun t o  measure rf ampli- 

f i c a t i o n  a f fec ts ,  and the i n i t i a l  r e s u l t s  appear t o  be promising. 

So f a r  t he  de c h a r a c t e r i s t i c s  of t he  device 

Specimens of  GaAs f o r  which t h e  product of length ( i n  em) and donor 
3 12 densi ty  (per  em ) i s  less than approximately 10 

f i e l d  donains. Such specimens, however, can support  a small s i g n a l  longi-  

tuciinal space charge wave having a group and phase ve loc i ty  c lose  t o  t h e  

c a r r i e r  veloci ty  (= 10 

tance  equal t o  the product of c a r r i e r  ve loc i ty  and negative d i f f e r e n t i a l  

re laxa t ion  t i m e .  Thus growth r a t e s  of approxirately 10 dE3 per  mm a re  poss ib le .  

Iri t h e  one po r t  amplif ier  reported by Thim, e t  a l . ,  two waves a re  ex- 

do not  exh ib i t  moving high 

7 cm/sec) and which grows with an ' e '  fo ld ing  d i s -  

4 
1 

c i t e d .  One i s  a space charge wave with a veloci-cy approximately equal t o  the  

drif-r; ve loc i ty  of  e lec t rons .  The other  i s  a f a s t  wave associated. with the  

t o t a l  current  tnrough the  device; t h i s  wave has i n f i n i t e  phase ve loc i ty  and 

no charge modulation. The r e s u l t a n t  ac terminal  impedance can have a nega- 

t i v e  r ea l  p a r t  close t o  frequencies corresponding t o  the  rec iproca l  of t h e  

t r a n s i t  t i m e  and i t s  harmonics. Thus r e f l e c t i o n  gain i s  poss ib le .  Because 

t h e  device r e l i e s  on t h i s  in te r fe rence  between t h e  two waves it i s  narrow 

band and t h e  coupling between t h e  ac f i e l d s  and t h e  t o t a l  cur ren t  through t h e  

device i s  weak, This i n  t u r n  leads t o  low sa tu ra t ion  powers ( t y p i c a l l y  - 10 a m ) .  

Both t h e  bandwidth and s a t u r a t i o n  power l eve l s  can, i n  p r inc ipa l ,  be 

increased i f  the Sast  wave is  not  exc i ted ,  Consider t h e  s i t u a t i o n  shown 

i n  F ig .  5 where a t h i n  f i l m  of GaAs ( E  100 p , e , g o )  i s  grown on an in-  

s u l a t i n g  subs t r a t e ,  The s i g n a l  i s  in j ec t ed  some d is tance  from The cathode 

and coupled out  downstream near t o  the  anode contac t .  If t h e  b i a s  c i r -  

c u i t  i s  open c i r c u i t  t o  a c  then no t o t a l  current  can flow and t h e  growing 

slow wave only is exc i ted .  Since t o  f i r s t  order t he  s l o w  space charge 

growth r a t e  i s  independent of frequency and t h e r e  i s  no i n t e r f e r i n g  f a s t  

wave, t h e  bandwidth is only determined by the  coupling. The experiments 

b. W. Thix~,  e t  a l . ,  Appl. Phys. Le t t e r s  - 7, 107 (Sept ,  1965). 

- 8 -  
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FIG. ?--Schematic of d i s t r ibu ted  ampl i f ie r .  
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reported here a r e  concerned with inves t iga t ing  t h e  p o s s i b i l i t y  of 

construct ing a u n i l a t e r a l  two por t  microwave ampl i f ie r  of t h i s  type 

using the  t ransfer red  e l ec t ron  e f f ec t  i n  high r e s i s t i v i t y  G a A s .  

2 .  Present Status  

We have chosen i n i t i a l l y  t o  work wi%h specimens of about 1 mm 

length.  

the  r e s i s t i v i t y  must be g rea t e r  than about 500 R cm. 

with mater ia l  of around 600 0 cm and 3000 R cm, and have been ab le  t o  

make sat , isfactory ohmic contacts  by evaporating gold-germanium l aye r s  

about 1000 8 th ick  and subsequently a l loy ing  i n  hydrogen a t  5OO0C f o r  

2 minutes. 

I n  order t h a t  these  should be s t a b l e  aga ins t  domain formation, 

We have worked 

The s t a t i c  current-voltage charac te r i s t ’ ics  of such specimens can 

r ead i ly  be calculated by solving Poisson’s equation and the  current  

cont inui ty  equat,ion. Using the  experimental curve for d r i f t  v e l o c i t y  

as a funct ion of f i e l d  obtained by Ruch and Kino, we have computed 

both The current-voltage c h a r a c t e r i s t i c s  and the  nor,-uniform f i e l d  

d i s t r i b u t i o n  tha t  might be expected, f o r  a range of doping d e n s i t i e s  

and specimen lengths .  

2 

I n  Fig.  6 the  measured I - V  c h a r a c t e r i s t i c s  f o r  a TOO p specimen 

of 3OGC R cm GaAs i s  compared with the  appropriate  t h e o r e t i c a l  one. 

The current, has been observed f o r  times varying from about 5 nsec t o  

severa l  mi l l i s ec  a f t e r  the vol tage was appl ied and n o  time dependent 

t rapping or deep donor ion iza t ion  was observed up t o  average f i e l d s  

of 17 kV/cm. 

but ion along these specimens by using a f i n e  capac i ta t ive  probe, of the  

type f i r s t  described by Gunn, drawn along one face .  This probe and i t s  

motor dr iven  probe car r iage  have been constructed during the  reported 

per iod.  

experimental f o r  3000 R cm material, i s  f o r  the p a r t i c u l a r  case when 

the  average f i e l d  i s  some four  times g r e a t e r  than t h e  threshold  f i e l d  

(Ethre  shold 
periment and theory i s  g ra t i fy ing .  Figure 8 shows an osci l loscope 

t r a c e  of t he  po ten t i a l  d i s t r i b u t i o n  V along the  specimen for two 

We have been ab le  a l s o  t o  measure the  p o t e n t i a l  d i s t r i -  

I n  Fig. 7 the  p o t e n t i a l  d i s t r ibu t ion ,  both t .heoret ica1 and 

= 3.2 kV/cm) . I n  both f igu res  the  agreement between ex- 

‘ J a G .  Ruch and G.S. Kino, Microwave Laboratory Report, No. 1481, 
Stanford University (Nov. 1966). 
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FIG. 8 - - ~ o l t a g e  d i s t r i b u t i o n  with d is tance .  The s e n s i t i v i t i e s  a r e  
d i f f e r e n t  t o  show the  departure  from l i n e a r i t y  i n  the  high 
f i e l d  case (lower curve). 
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. .  . 
values  of applied vol tage;  the  l i n e a r l y  increasing t r a c e  i s  f o r  an 

average f i e l d  of 1000 V/cm, the  lower one f o r  12,000 V/cm, which implies 

a max<aum f i e l d  a t  the anode of t h e  order of 25,000 V/cm. The departure  

of t he  e l e c t r i c  f i e l d  from t h e  uniform d i s t r i b u t i o n  when the  appl ied 

voltage i s  increased, can be c l e a r l y  seen. Similar  measurements have 

been pel-formed on the  600 R em mater ia l  and again t h e  agreement between 

experiment and theory i s  good. 

These experiments have thus confimed t h a t  the  high r e s i s t ance  

ma te r i a l  used does exhibi t  a d r i f t - v e l o c i t y  versus e l e c t r i c  f i e l d  

cha rac t e r i s t i c  s imt la r  t o  t h a t  proposed t h e o r e t i c a l l y  and measured i n  

semi-insulating mater ia l  s 2  They a i s o  suggest t h a t  t rapping e f f e c t s ,  

which could have been present  i n  such highly compensated mater ia l ,  a r e  

not s ign i f i can t .  Moreover, we now have d e t a i l e d  information on t h e  

s t a t i c  Tield d i s t r ibu t ion  through the  specimens This i s  required s ince  

the growth r a t e  and wavelength of the  s m a l l  s i gna l  wave depends on the  

loca l  s t a t i c  f i e ld  I 

We have s t a r t e d  t o  inves t iga te  the  small s igna l  behavior by apply- 

ing a t  1 GHz s igna l  i n  s e r i e s  with the  b i a s  vol tage .  The ac s igna l  

picked u p  by the probe a s  it t r ave r ses  the  specimens i s  observed. With 

t ,h i s  pa r t i cu ia r  method of exc i t a t ion  both t h e  fast  and slow waves a r e  

exc i ted .  We have observed s igna l  growth but as ye t  have n o t  been ab le  

s a t i s f a c t o r i l y  t o  separate  the  two components from each o the r .  The 

fast waV% Is characterized by having no phase s h i f t  with d is tance  

wtereas :he wax-elcqgth or' ?,lie slow wave should be approximately 100 p. 

Thus by observing t h e  phase va r i a t ion  of t h e  probe s igna l  with dis tance 

the  presence of the  slow wave should be demonstrable. 

We intend Ciuriilg the  next per iod t o  t r y  and exc i t e  t he  slow wave 

alone by placing a contact near t o  the  cathode and open c i r c u i t i n g  the  

b i a s  contacts  t o  rf,  thus el iminat ing the  fast  wave. If  t h i s  scheme 

i s  successIfu1, we s h a l l  study t h e  coupling between two such contacts  

as depicted i n  Fig. 5 I 
I n  swnma~j;, the  dc c h a r a c t e r i s t i c s  of the  device appear t o  be very 

c lose  t o  those we pred ic t  t heo re t i ca l ly ;  t rapping e f f e c t s  do not appear 

TO be h p o r t a n t  i n  the ma te r i a l  we a r e  using.  The r f  experiments in -  

dicaTe *ha t  there  i s  d growing wave present,  as i s  indicated by our 

thecry .  Thus, if we can couple s u f f i c i e n t l y  s t rongly  t o  t h i s  wave, we 

should be able t o  construct  a two por t  broadband u n i l a t e r a l  ampl i f ie r  

akin t o  t h e  t rave l ing  wave tube .  

- 14 - 



11. ELECTROACOUSTIC AMmIFIEFE 

A t  t he  beginning of t h i s  program we had demonstrated t h a t  photo- 

conducting CdS c r y s t a l s  could produce acoust ic  gains a t  800 Mc which 

were i n  reasonable agreement with t h e  one-dimensional theory.  The 

i n i t i a l  experiments pointed up t h e  problems which had t o  be overcome 

i f  the  phenomenon was t o  be reduced t o  a use fu l  device. 

two - first ,  the  couplers had t o  be improved and pushed t o  higher f r e -  

quencies - second, t he  i n s t a b i l i t i e s  which were observed i n  the  c r y s t a l  

had t o  be understood and methods devised f o r  overcoming them. The work 

on these two problems has proceeded on o ther  cont rac ts  and the re  have 

been advances i n  both a reas .  The in se r t ion  loss  a t  800 Mc has been 

reduced t o  a value below 8 dB and a t  1600 Mc t o  a value l e s s  than 15 dB. 

This has been accomplished with t h i n  films of p i ezoe lec t r i c  material 

such as CdS and ZnO. 

stood, and a model has been developed which i s  i n  s a t i s f a c t o r y  agree- 

ment with the  experimental observations.  

t he  range of c r y s t a l  parameters where o s c i l l a t i o n s  w i l l  not occur. 

I n  the  present  program we have concentrated on the  problem of 

These were 

The o s c i l l a t i o n  problem i s  now f a i r l y  wel l  under- 

The study has served t o  def ine  

extending t h e  ampl i f ie rs  t o  the microwave region. 

t he  work on the  CdS samples as  mentioned i n  t h e  l a s t  report ,  with t h e  

e f f o r t  d i rec ted  toward t h e  design of a su i t ab le  f ab r i ca t ing  technique 

t h a t  w i l l  allow us t o  mount small samples on a proper heat  s ink  with 

the  acoust ic  transducers i n  place.  

We a r e  continuing 

We f i n d  t h a t  Z n O  doped with copper i s  now ava i lab le  i n  the  proper 

r e s i s t i v i t y  range (100 a-cm) and we w i l l  s tudy t h e  mater ia l  i n  our 

present  set-up. 

The primary work i n  t h i s  per iod has been devoted t o  GaAs. The 

mater ia l  G a s  i s  an a t t r a c t i v e  ma te r i a l  because of t he  in tens ive  

e f f o r t  devoted t o  t h i s  mater ia l  i n  connection with programs on the  

Gunn e f f e c t .  It has been demonstrated i n  cw o s c i l l a t o r s  t h a t  t h i s  
mater ia l  w i l l  operate with a dc power dens i ty  i n  excess of 10 7 watt/cm 3 

- 15 - 



and t h i s  feature  adds t o  i t s  a t t r a c t i o n  a s  a ma te r i a l  f o r  acous t ic  ampli- 

f i e r s .  We have been working with n-type ma te r i a l  with a r e s i s t i v i t y  

of 1.5 0 cm. We have s tudied t h e  gain versus  f i e l d  f o r  severa l  f r e -  

quencies i n  the region of 600 t o  2000 Mc. 

shown i n  Figs .  9 through 11. I n  Fig.  9 we p l c t  the  ga in  versus f i e l d  

a t  600 Mc. 

t h e o r e t i c a l  predict ion.  I n  Fig.  10 we p lo t  t he  gain c h a r a c t e r i s t i c  

near 1900 Mc and here  we note t h a t  t h e  measured gain i s  reduced by a 

subst,anti-al  f ac to r  over the  predicted curve. A t  t h e  higher f i e l d s  t h e  

measured gain i s  approaching the  t h e o r e t i c a l  curve but  at lower f i e l d s  

the  discrepancy i s  l a r g e .  Kuru has probed the  f i e l d  versus d is tance  

along t h e  sample and he f inds  t h a t  it i s  r a t h e r  uniform. We conclude 

t h a t  the  contacts  a r e  ohmic and t h e  e n t i r e  sample i s  exhib i t ing  ga in .  

A clue t o  the  behavior can be obtained from Fig.  11 where we indica te  

t h e  maximum observable gain over t he  e n t i r e  frequency range of 600 t o  

l9OO Me. One would expect t h a t  t he  gain would monotomfcally increase 

with frequency s ince  the  frequency of maximum gain f o r  t h i s  ma te r i a l  

i s  above 2 . 0  Gc. Rather than the  monotomic increase,  we observe a 

decrease i n  gain and a minimum near 1400 Mc. 

t o  t rapping e f f ec t s  i n  the bulk mater ia l .  The e f f e c t  has been calcu- 

l a t e d  by workers i n  Japan and experimentally v e r i f i e d  i n  CdS near 

45 Mc.’ They point  out t h a t  f o r  t r a p s  with a t rapping time T t he  

acous t ic  gain w i l l  not be s t rongly  a f f ec t ed  i n  the  range w7 << 1 or 

COT >> 1 where u, i s  t h e  acous t ic  frequency. But i n  the  range m - 1 

the  t r aFs  can reduce the  gain i f  t h e  dens i ty  of t r a p  i s  appreciable .  

We conclude from t h i s  t h a t  the  t rapping time T 

and t h i s  mechanism i s  most l i k e l y  responsible  f o r  the  suppression of 

acoust ic  gain i n  t h i s  frequency range. 

The prel iminary r e s u l t s  a r e  

We see t h a t  t he  behavior i s  i n  f a i r  agreement with the  

This we bel ieve i s  due 

i s  l e s s  than lo-’ sec 

The e f f ec t s  a r e  more complicated than predic ted  from the  t rapping  

theory of Uchida, however, f o r  the  v a r i a t i o n  of gain as a funct ion of 

e l e c t r i c  f i e l d  i s  not wel l  behaved. We a re  now improving our trans- 

ducers and measuring techniques so as t o  be able  to resolve some of 

these  d i f f i c u l t i e s .  

J-T 
.L. Uchida, T. Ishiguro,  Y o  Sasaki, and T. Susuki, J .  R y s .  SOC. 

Japan 674 (1964) 
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111. CONTINUOUS DEFLECTION OF LASER, BEAMS* 

The methods of l a s e r  beam def lec t ion  and t h e  l imi t a t ions  of t he  

present  systems have been reviewed recent ly  by Fowler, e t  a l e1  

c l e a r  t h a t  o p t i c a l  def lec t ion  systems do not ye t  compete with e l ec t ron  

beams f o r  high speed scanning and recording of information, and it i s  

the re fo re  worthwhile t o  consider a l t e r n a t i v e  methods f o r  t h e  continuous 

scanning of l i g h t  beams. 

t he  Bragg s c a t t e r i n g  of l i g h t  from a sound wave i n  a b i re f r ingent  crys- 

t a l .  

through an angle of 4.0 by varying a s ing le  e l e c t r i c a l  parameter - t h e  

frequency of the sound wave. This should be s u f f i c i e n t  t o  resolve 1000 

spot  diameters.  

It i s  

I n  t h i s  l e t t e r  we present  a method based on 

I n  sapphire we have been able  t o  d e f l e c t  a l a s e r  beam continuously 
0 

Acousto-optic l i g h t  def lec tors  which a r e  capable of continuously 

d e f l e c t i n g  a l i g h t  beam through 200 spot diameters have been reported 

by Korpel, e t  a l .  The l i g h t  def lec t ion  was achieved by Bragg angle 

s c a t t e r i n g  of l i g h t  from a s teerab le  30 Mc sound column. The p r inc ip l e s  

of acousto-optic de f l ec t ion  of l i g h t  waves has beexl reviewed recent ly  by 

G ~ r d o n . ~  

r equ i r e s  t h a t  t he  vec tor  sum of the  th ree  wave vectors  add t o  zero, 

i . e . ,  k + k2 = K . Here K i s  the wave vector  f o r  the  sound wave, 1 
k and k2 a r e  t h e  wave vectors  fo r  t he  incident  l i g h t  and d i f f r a c t e d  

l i g h t .  This i s  i l l u s t r a t e d  i n  Fig.  12(a)  f o r  an i so t rop ic  medium where 

1 %  1 = lk,l . We ' s e e  from t h i s  diagram t h a t  i n  order t o  s h i f t  t h e  

angle of t he  output l i g h t  beam it i s  necessary t o  change both the  d i -  

r e c t i o n  and magnltude of t he  acoust ic  wave vector,  K . In  the  pas t  

t h i s  has been accomplished i n  two ways: 

2 

"Phase matching" i s  a basic requirement of t h i s  process, and 

- - - 

1 

(1) by beam s teer ing ,  whereby 

* 
Published under t h i s  t i t l e ;  see p . 1  above. 

'V. J. Fowler and J. Schlafer,  Proc e IEEE 54 1437 (1966) ; a l s o  -, 
Appl. Optics 1675 (1966). 

0 

142 9 

1629 

G 
A .  Korpel, R .  Adler, P. Desmares and W. Watson, h o c .  IEEE % 

(1966); a l so ,  Appl. Optics 2, 1667 (1966). 
'E.I .  Gordon, Proc. IEEE 54 1391 (1966); a l so ,  Appl. Optics 2, 

-9 

(1966) ' 
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FIG. i 2 ( a h h e  wave vector  locus and onien ta t ion  f o r  acous t ic  de f l ec t ion  - 
(a) an i so t rop ic  c rys t a l ,  
(b) an an iso t ropic  c r y s t a l ,  
( c )  t he  vec tor  t r i a n g l e  f o r  an an iso t ropic  c r y s t a l  f o r  t he  

spec ia l  case where the  acous t ic  wave vector  i s  tangent t o  
the  locus of t he  wave vec tor  f o r  t he  extraordinary ray .  
The op t i c  a x i s  i s  normal t o  the  plane of t h e  f i g u r e .  A 
p referab le  o r i en ta t ion  would be r ea l i zed  i f  t he  op t i c  
ax i s  was i n  the  plane of t h e  f igu re  and p a r a l l e l  t o  t he  
acous t ic  wave vec tor .  



. .  

t h e  acous t ic  column i s  launched from a transducer a r r ay  which generates 

an acous t ic  beam with a rlirect.ion ?hat. Traricls with frequency, and 

( 2 )  by using a focused acoust ic  column such t h a t  t h e  acoust ic  beam 

contains  K vectors  covering a cone of d i r ec t ions .  I n  the  l a t t e r  

system t h e  l i g h t  i s  sca t t e red  by a d i f f e ren t  por t ion  of the acoust ic  

column as t h e  Bragg angle i s  var ied.  The f r a c t i o n  of acous t ic  power 

ava i lab le  f o r  de f l ec t ion  i s  equal t o  

becomes i n e f f i c i e n t  as N i s  increased. We define N as t h e  t o t a l  

number of resolvable  spo t s .  

N-' , and therefore  t h e  system 

It has been t h a t  f o r  an acousto-optic d.evice t h e  parameter 

N i s  given by 

where A f i s  the  frequency change i n  the  acoust ic  frequency and 

T = D/v i s  t h e  t r a n s i t  time of t h e  sound wave across  the  l i g h t  beam. 

The D i s  the  width of t h e  l i g h t  beam and v i s  the ve loc i ty  of 

sound. The upper value of  7 i s  l imited by the  phys ica l  l imi t a t ions  

on o p t i c a l  aper tures  and c r y s t a l  dimensions. HoweveT, t h e  value of 

nf 

a high acoust ic  frequency fo , since the  r a t i o  Af/fo can approach 

0.5 .  The "beam s teer ing"  techniques become mat t r a c t i v e  as fo  i s  

increased because of t h e  d i f f i c u l t y  of f a b r i c a t i n g  the transducer 

a r r ay .  

S 

S 

can be g r e a t l y  increased i f  one can devise a method which u t i l i z e s  

We wish t o  repor t  here on a method of acoust ic  de f l ec t ion  of l i g h t  

which i s  capable of de f l ec t ing  t h e  beam through an angle of severa l  

degrees without "beam s t ee r ing . "  

t h a t  t h e  requirement t h a t  the  magnitude of t he  sca t t e red  l i g h t  vec tor  

be equal t o  t h a t  of the  incident l i gh t  vector,  

t i v e  and forces  one t o  change both the  d i r e c t i o n  and magnitude of t he  

acous t ic  vec tor  K i f  t he  r e l a t i v e  direct ior i  of the output l i g h t  beam 

i s  t o  be changed. 

k2 , can d i f f e r  i n  magnitude from kl i f  the  po la r i za t ion  of t he  

E-vector i s  changed i n  t h e  sca t t e r ing  process.  

i z a t i o n  i s  wel l  known, and it typ ica l ly  involves the  photoe las t ic  

Referring again to Fig. lZ (a )  we see 

kl , i s  highly r e s t r i c -  

I n  a b i re f r ingent  c r y s t a l  the  d i f f r ac t ed  l i g h t  vector ,  

Such a change i n  polar -  
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4 if the  sca t t e r ing  i s  from shear waves. Dixon 44 = p55 cocstant p 

has reported or? t h i s  type of s ca t t e r ing  i n  both quartz and sapphire.  

He gives a c l ea r  presenta t ion  of t he  r e l a t i o n s  t h a t  must e x i s t  between 

the  k-vectors e 

For our purpose of l i g h t  def lec t ion  we wish t o  consider t he  spec ia l  

case i l l u s t r a t e d  i n  Fig.  12(b). 

acoustic wave vector such t h a t  it i s  tangent t o  the  wave surface f o r  t h e  

extraordinary ray.  The sound wave and the  d i f f r a c t e d  l i g h t  wave a re  

normal t o  each o ther .  

We have chosen t h e  magnitude of t h e  

From t h e  t r i a n g l e  of Fig.  12 (c )  we see t h a t  

2 R f 0  2rr 
where K = - i s  t h e  acoust ic  wave vector,  k = - i s  the  o p t i c a l  

wave vector i n  -Jacuum, n i s  t h e  index for t h e  ordinary ray  and 

B i s  the birefr ingence of the c r y s t a l .  The value of B can range 

from n - n f o r  l i g h t  waves t r ave l ing  i n  a plane normal t o  the  op t i c  

ax is  t o  zero fo r  l i g h t  waves t r ave l ing  i n  a plane containing the  op t i c  

a x i s .  

t h e  def lected l i g h t  vector  from 3 t o  ki can be obtained by a change 

i n  t h e  magnitude of the  acoust ic  wave vector  f rom K t o  K '  Thus we 

can def lec t  t h e  o p t i c a l  beam by varying t h e  frequency of a well-collfmated 

acoustic beam which remains f ixed i n  d i r ec t ion .  We define A0 a s  t h e  

maximum def lec t ion  angle (ex terna l  t o  t h e  c sys t a l )  and 

of t he  input beam r e l a t i v e  t o  t h e  acoust ic  wavefronts (see Fig.  1 2 ) .  

From Fig. 12(c)  we f ind  t h a t  0 = no@ = q s  a It is  not d i f f i c u l t  

t o  show t h a t  t he  i n t e n s i t y  of the  output beam w i l l  go t o  zero when 

O v 
0 

0 e 

It i s  c l e a r  from Fig.  12 (e )  t h a t  a change i n  t h e  d i r ec t ion  of 

m 
8 as t h e  angle 

X 

X 

. From t h i s  we can wr i te  
= + - (2nohO/~)  

X 

where W i s  the  width of t he  acoust ic  beam. 

R. W. Dixon ( t o  be published).  
4 
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We have demonstrated t h i s  system i n  a standard Bragg 

c e l l  with shear waves i n  sapphire and a Ne-He l a s e r  as a 5 
l i g h t  (io = 0.6328p) . -,....- Dayphire i s  a pos i t i ve  --ixlailial 

. .  
d i f f r a c t i o n  

source of 

c i-j-a t a 1 
0 with n = 1.765 and B = 0.008 . The souzd wave t r i v e l e d  along the  

x-axis of t h e  c r y s t a l  with a ve loc i ty  of 5.85 X 10 5 cm/sec. This i s  
6 t he  c h a r a c t e r i s t i c  ve loc i ty  of t he  "slow shear" wave. The l i g h t  ray 

was normal t o  the  o p t i c  ax i s  with the input wave as t h e  ordinary wave 

(k = n ko) 

The angle ex te rna l  t o  the  c r y s t a l  of t he  input wave [see Fig.  1 2 ( c ) ]  

i s  given by 8 = n08 = -= 9.66' f o r  sapphire.  

frequency required t o  s a t i s f y  Eq. (2) i s  equal t o  ~ 5 6  Gc and we f i n d  

t h a t  dQx/df = Xo/vs = 1.06 X rad/Mc . The experimental r e s u l t s  

a r e  shown i n  Fig.  13 where we have p lo t t ed  (a) the  change i n  angle of 

the d i f f r a c t e d  beam versus acoust ic  frequency with a l l  o ther  parameters 

he ld  constant,  and (b) t h e  r e l a t i v e  i n t e n s i t y  of t he  def lec ted  beam. 

We note t h a t  the  measured value of dQx/df 

The r a t i o  of I/ImaX 

t o  t h e  maximum i n t e n s i t y  as obtained by ad jus t ing  the  angle of incidence 

f o r  t he  input l i g h t .  The a c t u a l  i n t ens i ty  of the  def lected l i g h t  d i d  

decrease with an increase i n  acoustic frequency, but t h i s  was a r e s u l t  

of a decrease i n  sound i n t e n s i t y  at the  higher f requencies .  

i n  Fig.  13 gives a measure of t h e  sca t t e r ing  e f f i c i ency  f o r  a constant 

value of sound power. The r a t i o  of t h e  def lec ted  Light i n t e n s i t y  t o  

the  i n t e n s i t y  of t he  incident  beam can be calculated from known 

e x p r e s ~ i o n s ; ~  it depends on the  m a t e r i a l  constants  and upon the  value 

. We have not made a n  accurate measurement of p i n  sap- 

0 (% = neko) . and the output as the  extraordinary wave 1 

The acous t ic  
X 

-4 
i s  1.07 X 10 rad/Mc 

i s  the  in t ens i ty  of the  def lec ted  beam r e l a t i v e  

The p l o t  

Of p55 55 
phire  but it is  estimated t o  be 0.1. 

We can use Eq. (3) t o  estimate the  s h i f t  i n  acous t ic  frequency 

which w i l l  produce a n u l l  i n  t he  output l i g h t  beam s ince  

I n  our case with an acoust ic  beam diameter, 

1.25 mm, we have Af /f = k .25 which i s  s l i g h t l y  l e s s  than the  value m O  
shown i n  Fig.  13.  There we see tha t  t h e  acous t ic  frequency can be var ied  

af,/fo = AQm/eX . 
W approximately equal t o  

'C.F. Quate, C.D.W. Wilkinson, and D.K.  Winslow, Proc. IEEE 53, 
1604 (1965) . 

J.B. Wachtman, Jr., W.E. Tefft, D.G. Lam,, Jr., and R.P. St inchf ie ld ,  
6 

J. Res. N a t l .  Bur. Std .  -, 6 4 ~  213 (1$0). 
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by +400 Mc without appreciable degradation of l i g h t  i n t e n s i t y .  The 

value of N can now be ca lcu la ted .  We have a measured value of 

af = 800 Mc. We assume that, we can t o l e r a t e  an acous t ic  a t tenuat ion  

of 3 dB i n  a length, D and therefore  D = 0.75 cm s ince  t h e  a t tenu-  

a t ion  i n  sapphire a t  1600 Mc (room temperature) is approxfmately 4 dB/cm. 

From t h i s  we have T = 1 . 2 5  psec and it follows from Eq. (1) t h a t  

N = l O  . 3 

Final ly ,  we would l i k e  t o  consider the  requirements f o r  a ma te r i a l  
4 

t h a t  would allow one t o  scan through 10 spot diameters.  We assume t h a t  

A€' = f0/2 and th s t  the  acoust ic  a t tenuat ion  is 3 dB i n  a d is tance  equal 

t o  the  diameter of the  o p t i c a l  beam. The constanss f o r  LiNbO have been 

measured with no = 2.286, B = -086, and v = 3 c 6  X 10 cm/sec.' The 

value of fo  i s  3.6 Gc and therefore  af = 1.8 Gc.  We requi re  a r 

of 5.5  psec, a length of 1.8 cm and a l o s s  0.35 dB/psec which i s  obtain- 

able  i n  LiNbO at, 77OK. If we L i l t  t h e  plane of the  o p t i c a l  beam so 

t h a t  F i s  reduced t o  a value of 6.6 X we f i n u  t h a t  fo = 1 Gc. 

The acous t ic  loss a t  room t,emperature is 0.3 dB/psec and the  value of 

T f o r  3 dB t o t a l  loss i s  10 psec. 

and the  system would de f l ec t  t h e  team trizougj? 5CCO spot diameters.  

3 5 
S 

8 
3 

The c r y s t a l  l ength  would be 3.6 cm 

'R.C . Miller and A .  Savage, Appl- Phys e Let.ters 2, 169 (1966) ; 
a lso ,  E.G. Spencer, P .V .  Lenzo and K.  Nassah, ilppl. Phys. Le t t e r s  1, 
67 (1965) 

~ h y s .  Le t t e r s  2, 155 (1966), 
M.1. Grace, R.W. Kedzie, M. Keatigian, ar,d A.B. Smith, Appl. 
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